To understand the basic mechanism governing the size evolution of tropical cyclones (TCs), we systematically perform numerical experiments using the primitive equation system on an f-plane. A simplified, TC-like vortex is initially given and an external forcing mimicking cumulus heating is applied to an annular region at a prescribed distance from the vortex center. Moist process and surface friction are excluded for simplification. We focus on the sensitivity of size evolution to the location of the forcing. The vortex size is defined as the radius of 15 m s -1 lowest-level wind speed (R15). The evolution of R15 depends on the forcing location, and its dependence can be understood by considering radial transport of the absolute angular momentum (AAM) at R15 due to the heat-induced secondary circulation (SC), whose structure is governed by the distribution of inertial stability. When the forcing is applied to the outer part of a vortex but still inside R15, where inertial stability is weak, the SC extends to the outside of R15 and carries AAM inward. Thus, R15 increases. Conversely, when the forcing is applied near the center of the vortex, where inertial stability is strong, the SC closes inside R15 and R15 hardly increases. These results indicate that extension of the heat-induced SC to the outside of R15 is important for the evolution of the vortex size. Moreover, the further beyond R15 the SC extends, the more the vortex size increases. This relationship is consistent with the result of the parcel trajectory analysis; the larger the extent of SC, the longer distances the parcels cover, conserving larger AAM. Finally, when the forcing is applied to the outside of R15, smaller AAM is carried outward by the SC on the inward side of the heating location, resulting in the decrease of R15.
Introduction

Significance and difficulty of the study on the size of tropical cyclones
The size of tropical cyclones (TCs) is one of their most important characteristics along with intensity. TC size also has a significant impact on society, because the extent of evacuations, along-track timing of the arrival of storm conditions, duration of high winds at a given location, and total amount of precipitation depend on TC size (Hill and Lackmann 2009) . Therefore, the clarification of the mechanism governing TC size is one of the primary subjects in TC research.
One of the most important findings about TC size is that the correlation between its size and intensity is very weak (Merrill 1984) ; this finding has been supported by many other studies (e.g., Chavas and Emanuel 2010; Chan and Chan 2012) . Moreover, Lee et al. (2010) statistically investigated TC size before and after intensification and found that the TCs that are initially larger (smaller) than others remain larger (smaller) after intensification. Considering the weak correlation between TC size and TC intensity established in the studies above, research focusing on the size of TCs that is independent of that focusing on the intensity of TCs is necessary, together with the understanding of why only TC size and TC intensity are weakly correlated. However, fewer studies have examined TC size than the ones that have considered the intensity, genesis, and development of TCs. In particular, research on the mechanism governing the size of TCs lags far behind than that on the intensity, the mechanism of which has been studied since the 1960s (e.g., Ooyama 1964) .
Such different degrees of difficulty associated with the research on the size and that on the intensity are considered to arise from the difference in the regions within a TC which size and intensity are mainly concerned. In considering intensity, mainly the structure near the center of a TC needs to be considered because the maximum tangential wind speed and minimum pressure, both of which characterize the intensity, occur near the center. Conversely, in considering size, the structure of outer regions receives greater focus because the change in TC size occurs around there. The structure of TCs generally becomes complex as the distance from the center increases. Compared with a nearly axisymmetric structure near the center of TCs, such as an eye and eyewalls, the outer portion of TCs is characterized by non-axisymmetric structures such as rainbands and has a large variety. Therefore, research on TC size related to the structure of outer regions of TCs becomes more complicated and should be performed from more number of directions than those used in the research on the intensity of TCs related to the dynamical structure near the TC center. In fact, previous studies have shown that many factors related to the dynamical structure of TCs as a whole affect TC size; e.g., environmental humidity (Hill and Lackmann 2009) , evaporation from raindrops (Sawada and Iwasaki 2010) , initial vortex size (Xu and Wang 2010; Chan and Chan 2014) , heating in anvil clouds (Fudeyasu and Wang 2011) , cloud-radiative forcing (Bu et al. 2014) , and sea surface temperature and air temperature (Radu et al. 2014) .
The fact that TC size is connected to the structure of the outer region of TCs raises a further difficulty. Because many external environmental factors affect the outer region of TCs, TC size is affected more by the number of external factors than TC intensity. In fact, many previous studies have indicated that various external factors affect TC size; examples are ocean basins and seasons (e.g., Merrill 1984; Chan and Chan 2012; Knaff et al. 2014) , synoptic environments (e.g., Liu and Chan 2002; Yuan et al. 2007 ), β-effect (Fang and Zhang 2012) , and latitude (e.g., Weatherford and Gray 1988a, b; Kimball and Mulekar 2004) . The involvement of so many external environmental factors complicates the quantitative evaluation of the relationship between TC size and those factors. This "foggy" outlook of the issue on TC size contrasts to that on TC intensity, where a much more integrated and systematic approach, such as the maximum potential intensity theory associated with basic principles of thermodynamics proposed by Emanuel (1986) , is possible.
Approach of the present study
Bearing the present status discussed in the previous subsection in mind, we consider that the understanding of the mechanism governing TC size-change is difficult to achieve only through observational analyses of the real TCs, which have complicated structure embedded in diverse and complex environments, or numerical experiments that reproduce things as they are. To reach a fundamental understanding of the mechanism governing TC size, an alternative strategy is more promising. After essential elements affecting TC size change are identified, we simplify the identified elements, implement them in an idealized numerical model, perform numerical experiments systematically, and examine the results. This strategy not only leads us to the understanding of a fundamental mechanism but also serves as an indispensable basis on which the understanding of the size evolution of real TCs proceeds by adding back the elements that were eliminated in the process of simplification.
To approach the issue of TC size following the above strategy, we need to simplify TC structure and extract essential elements affecting TC size change carefully. In this study, TCs are simplified as a simple vortex lacking complicated structures. Then, we only consider dynamical factors inside a TC and exclude external factors such as seasonal and regional dependences and synoptic patterns because the TC sizechange caused by external factors should be interpreted as that these factors affect TC size indirectly through the change of dynamical structure in the outer region of TCs. For example, the effect of southwesterly-surge synoptic patterns investigated by Liu and Chan (2002) may be grasped as a system of angular momentum supply from the synoptic-scale fields to the outer edge of TCs, and the supply of angular momentum affects TC size through the change of dynamical structure in the outer region of TCs.
To narrow down the dynamical factors to essential ones affecting TC size, we review recent modeling studies. Musgrave et al. (2012) , using a balanced vortex model, showed that diabatic heating applied to the outside and inside of the radius of maximum wind (RMW) affects TC size and intensity, respec-tively. Fudeyasu and Wang (2011) , using a fullphysics tropical cyclone model, showed that in their simulated, compact TC, diabatic heating in the anvil on the outer rainband contributes to the spin-up of the tangential wind in the mid-tropospheric outer core region (outside of the outer rainband) by the transport of absolute angular momentum (AAM). Chan (2014, 2015) performed numerical experiments with changing initial vortex size, planetary vorticity, vortex intensity, and outer wind of TCs using a fullphysics model. Their results indicate that the TC size becomes larger as the initial size of TCs and the tangential wind at the outside of TCs are larger, attributing the cause to the largeness of AAM flux coming into TCs. Moreover, Sawada and Iwasaki (2010) , using a non-hydrostatic model, found that evaporation from raindrops affects TC size through the change of AAM transport driven by rainbands. From the above findings, we identify radial AAM flux induced by secondary circulation (SC) driven by cumulus heating as an essential element in considering the mechanism governing TC size.
However, the understanding of the relationship between cumulus heating, SC, and AAM transport has not been sufficient. For example, Chan (2014, 2015) did not explain the origin of the inflow that transports AAM into TCs. Additionally, many previous studies such as Musgrave et al. (2012) and Fudeyasu and Wang (2011) investigated the effect of heating only near the center of TCs or that in compact TCs; it is not clear how the outer rainband in large TCs affects the TC size. These weaknesses come from their numerical model as it is a "full-model" in which condensation heating is calculated through the interaction with dynamics. In such a model, the scale, strength, and location of cumulus heating are constrained by the feedback between the complicated internal processes in the model; it is impossible to change the property or location of heating even when this change is necessary for the purpose of theoretical considerations.
In this study, in view of the weakness of studies using a full model, cumulus heating is represented as a prescribed thermal forcing mimicking cumulus convection. Specifically, an external thermal forcing is applied to only a limited region at a certain distance from the vortex center. We attempt to understand the relationship between the forcing and size evolution of simplified TC-like vortices via parameter-sweep experiments by varying the scale, strength, and location of the forcing. Cumulus parameterization and water vapor are excluded. We also exclude the effect of surface friction. This simplification becomes possible because the feedback loop between SC driven by surface friction and heating is disconnected in our framework, in which thermal forcing is applied externally. Musgrave et al. (2012) and the present study employ external forcing in common. Musgrave et al. (2012) investigate only the effect of forcing near the RMW, but we investigate that in a wider range of distances from the vortex center, considering the effect of rainbands as well. Moreover, our simplification is justified by the fact that radial convergence of AAM flux above the boundary layer is also important for the surface-wind change in the outer region of TCs (e.g., Smith et al. 2009 ). By eliminating all but the most essential elements, i.e., the vortex and heating, the essential mechanism governing TC size will be much more easily understood.
This paper consists of five sections. In Section 2, we describe the model used and the design of the numerical experiments. Section 3 provides results of the experiments. In Section 4, the mechanism governing the size of TC-like vortices is considered on the basis of the results. In Section 5, conclusions are offered along with a discussion.
Design of numerical experiments
In this section, we explain the model used in this study and the design of the numerical experiments. The numerical model is based on the primitive equation system on an f-plane in the σ coordinate used in Itoh and Ghil (1988) . This model does not include the boundary layer turbulence, surface friction, moist processes (including cumulus parameterization), and latent heat flux from the sea surface for the purpose of simplification. The equation system of the model is as follows: The model domain is 12800 km × 12800 km with a resolution of 20 km, and the number of vertical levels is five (σ * = 0.95, 0.72, 0.43, 0.24, and 0.12, where σ * = p/p s ). The coarseness of the vertical resolution is due to the demands of computational time, which is very important in our study because of a large number of numerical experiments conducted. To check the effect of the coarse vertical resolution, a model with 11 vertical levels (p t = 50 hPa, and σ * = 0. 95, 0.845, 0.74, 0.63, 0.52, 0.42, 0.33, 0.25, 0.18, 0.12, and 0.07 ) is used in some experiments. The setting of the 11-level model is presented at the end of this section. As is shown in Subsection 4.2, the fivelevel model gives qualitatively similar results as those of the 11-level model. Therefore, we show the results of the five-level model unless otherwise specified. The horizontal boundary condition is cyclic, whereas the vertical boundary condition is σ = 0 at σ = 0 and 1, where σ is Dσ/Dt. The value of the Coriolis parameter is 3.8 × 10 −5 s −1 , which corresponds to the value at 15° latitude.
The integration time is 240 h with a time step of 20 s. Data is output every 1 h.
R is the net radiation, assumed as
where θ e is the potential temperature in radiative balance, set to 294.2, 296.2, 302.6, 343.9, and 410.7 K at σ * = 0.95, 0.72, 0.43, 0.24, and 0.12, respectively. h 0 = 1/8 day −1 is the reciprocal of the time constant of Newtonian cooling. k h is the horizontal diffusion coefficient, which is a constant value of 2.5 × 10 4 m 2 s −1 within 3500 km from the center and 2.5 × 10 5 m 2 s −1 outside of 6000 km from the center, and follows a linear increase between 3500 and 6000 km. The coefficient of Rayleigh damping also changes with the distance from the center; this coefficient has a constant value of 0 inside 3500 km and 2 day −1 (time constant is 0.5 day) outside of 6000 km, with a linear increase between 3500 and 6000 km. F u represents the vertical diffusion of the u-component as follows:
where τ u is
except at the lowest level, where g and ρ are the gravitational acceleration and density, respectively. F v , vertical diffusion of v-component, is defined in the way similar to F u . To exclude the effect of surface friction, τ is set to 0 at the lowest model level. k v is the vertical diffusion coefficient and is set to k v = 1 m 2 s −1 . Under this value of k v , the effect of vertical diffusion is small and AAM is well conserved, as shown later. We also consider the case when AAM is not well conserved; experiments with using a larger value of k v are also performed, which will be described in a subsequent paper.
The vortex size change is investigated by applying an external thermal forcing to the initial vortex. Throughout this study, the vortex size is defined as the radius of 15 m s -1 lowest model level wind speed (R15). Note that this definition is not the same as that of real TCs, whose R15 is defined by the surface wind speed. The method of calculating R15 is shown in Subsection 3.1, and that of making the initial vortex is explained in the Appendix.
The thermal forcing, Q F , is specified so as to represent the collective effect of a large number of heating events mimicking cumulus convection.
The thermal forcing in each single heating event (Q c ) is represented as
where Q and η(σ) represent the strength of forcing and the vertical structure of the forcing, respectively, and are described later. S and S 0 are the horizontal scales of heating and its standard value (100 km), respectively. The third factor on the right-hand side of Eq. (9) is introduced to keep the total amount of heating independent of S. r 0 is the distance from the center of a heating event. t f and t d are the elapsed time after the start of a heating event and the duration of the heating (30 min), respectively. Each of the heating elements is generated randomly in time, centered at an azimuthally arbitrary point at a certain prescribed distance from the center of the model domain, i.e., the location where the center of the initial vortex is located (Fig. 1) . We hereafter call the distance as "location of the forcing". The frequency of the generation of heating events in the entire domain is once in 20 min on average, and Q F is obtained by adding the contributions of all the abovementioned generated heating events. The vertical structure of the forcing, η(σ), is taken from averaged vertical structure of heating realized in the process of making the initial vortex (Appendix). Because the heating is averaged without classifying into components associated with eyewalls and rainbands, the vertical structure of heating corresponds to the averaged one between them. The specific values are 2. 0, 16.870, 23.734, 5.134 , and 0 from the lowest level upward.
With these specifications, we perform numerical experiments with changing locations of forcing (l, standard: 400 km), scales of forcing (S, standard (S 0 ): 100 km), strength of forcing (maximum magnitude of forcing at the lowest level (Q), standard: 1 × 10 −4 K s −1 ), and the size of initial vortices, i.e., initial R15 (standard: 540 km). In this paper, we only show the results of experiments in which the location of forcing is changed; other parameters are set to the standard values. The location of forcing is set to every 25 km from 100 km to 900 km. We represent, for example, an experiment in which forcing is applied to 400 km as L400. Results of experiments in which other parameters including other initial vortices than locations of forcing are used will be presented in a subsequent paper, in which the basic mechanism governing vortex size change is shown to be the same as that in the present paper.
In experiments using the 11-level model, the structure of the initial vortex and each parameter in this model are created by interpolation from the five-level model except for the top level. On the top level, u and v are set to the same value as those at σ * = 0.12, T at the σ surface is determined by the thermal wind relation, and ϕ is calculated from the hydrostatic balance equation. The radiative equilibrium temperature and thermal forcing are that in the stratosphere (198.0 K) and 0, respectively.
Temporal evolution of vortices
Method of calculating R15 and the characteristics of the initial vortex
In general, the contours of 15 m s −1 wind speed appear in two places: near the center and the outer region of a vortex. Because our target is the outer region, R15 is estimated as
where n is the number of grid points inside the outer contour, ∆x is the grid interval of the model, and π is the circular constant.
Next, the characteristics of the initial vortex are examined in detail. Figure 2 shows the AAM and inertial stability, I, of the initial vortex, which is defined by
where r, v φ , and the overbar designate the radial distance, tangential wind, and azimuthal average, 
I serves as an index of the difficulty of radial movement. As indicated by this definition, I is very large near the vortex center. The AAM gradient is large in the outflow layer (σ * = 0.3-0.4) outside of 1000 km from the center. This situation means that it is difficult for outflow air parcels to reach beyond 1000 km if they conserve AAM.
Horizontal structure of vortices
The results of experiments are shown below. First, the evolution of the vortex structure in L400 is shown as a representative case in the present study. Figure 3 shows wind speeds and vectors at the lowest level in this model. As seen in the comparison between Figs. 3a and 3b, R15 gradually grows with time. However, after approximately 120 h, the vortex begins to distort with a wavenumber-2 component (Fig. 3c) , and this state is persistent (Fig. 3d) . At this stage, R15 no longer grows and levels off.
Distortion of a vortex like that described above is commonly observed among the experiments conducted in this study. In some of the cases, the vortex strains to the extent that the region of weakwind (|V| < 15 m s −1 ) containing the vortex center connects to the weak-wind region outside of the vortex. This situation is inappropriate for the present experiment. Therefore, the analysis is stopped at this point unless the inner and outer weak-wind regions disconnect within 4 h. In some other cases, the center of the vortex moves far from the center of the model domain; such cases are also inappropriate. Thus, the analysis is terminated when the vortex center, defined as the point of the nine-grid averaged minimum surface pressure, moves outside of 200 km from the model center for longer than 5 h. The two criteria are referred to as the condition for terminating the analysis.
Temporal evolution of the size of vortices
Next, the dependence of the vortex size evolution on the location of forcing is shown. Figure 4 illustrates the time evolution of R15 in the experiments in which the location of forcing is changed. Vortex size changes depending on the location of forcing. Specifically, when the forcing location is inside the initial R15 (540 km), vortices with forcing applied near the initial R15 become larger than those to which forcing is applied near the center. However, when the location is near the initial R15 (e.g., L500; L525), the size increases less as the forcing is located further from the vortex center. Moreover, when the forcing is located outside the initial R15, i.e., when the entire forcing region is outside the initial R15 (L700-L900), the vortex size decreases. Another feature of these results is that when the location of forcing is within 400 km of the vortex center, leveling-offs of vortex size are commonly observed. The time at which the size reaches a limit depends on the forcing location and seems to be earlier in cases for which the location is more interior. Therefore, vortex size likely levels-off even in experiments where the forcing is located farther than 400 km from the center, but these experiments meet the condition for terminating the analysis before reaching their size limits. We confirmed that this leveling-off phenomenon is caused by inertial instability aloft. However, the detail is omitted, because the explanation of its cause deviates from the object of this paper.
R15 oscillates with a period of 20 -50 h. This pattern is clear at the beginning of time integration but it diminishes during the latter half of integration. The period systematically increases as the forcing is located further from the vortex center. This period corresponds to that of inertial oscillation near the forcing location. For example, the initial inertial stability I at 400 km from the center, as shown in Fig. 2 , is approximately 5 × 10 −5 s −1 , which yields an estimated period of slightly over 30 h. I is generally larger in the inner region than in the outer region, yielding a shorter period. 
The mechanism governing the change of R15
In this section, we clarify the mechanism which causes the difference associated with forcing location shown in the previous section.
Before analyzing the results, we demonstrate that there are two factors to consider in the increase in R15. Because of the definition of R15 and the fact that |v φ | |v r | near R15 (see Fig. 5 ), where v r is radial wind, the rate of change of v ϕ experienced by an observer who follows the motion of R15 should almost vanish. This implies that, with the aid of the chain rule,
where R15(t) and d/dt designate R15 as a function of time and a simple time derivative, respectively. Thus, we yield
This equation indicates that the change of R15 is related to not only the increase in the tangential wind but also its radial gradient. Many studies have pointed out that the former causes the change of TC sizes (e.g., Sawada and Iwasaki 2010; Fudeyasu and Wang 2011) . However, the relationship between size change and the radial gradient of tangential wind has never been discussed. The importance of the radial gradient of tangential wind on vortex size will be demonstrated in a subsequent paper. In the present paper, only the increase in R15 by increasing tangential wind is discussed.
Some of the following analyses are performed on the cylindrical coordinate (r-φ-σ coordinate). In these cases, coordinate transformation is executed by cubic spline interpolation. The grid intervals of the r and φ directions are 20 km and 5°, respectively. In some analyses, temporally averaged data is used. Unless otherwise stated, the averaging period of more than 36 h is used to smooth out the oscillation associated with inertial oscillation mentioned earlier.
Budget analyses of absolute angular momentum
Many previous studies have shown that the transport of AAM into a TC (radial convergence of AAM) results in the increase in the tangential wind in the outer region (e.g., Bui et al. 2009; Smith et al. 2009; Sawada and Iwasaki 2010; Fudeyasu and Wang 2011; Chan 2014, 2015) . The same may apply to the present study, in which a TC is simplified. Therefore, we first examine the relation between the increase in R15 and the radial velocity at R15 which causes AAM advection. Figure 5 shows the relation between the increase in R15 and time-averaged v r at R15 in each experiment. Only the data obtained earlier than 96 h are used because some experiments meet the condition for terminating the analysis near 100 h. Inflow is observed in the most of the experiments for which R15 increases (forcing location within 600 km) while outflow is observed in the experiments for which R15 decreases (forcing location over 675 km). Additionally, the change of R15 is roughly proportional to v r at R15 except for some experiments whose forcings are applied near R15 (L550 -L650). This strong relationship between these two variables is found not only in the time-averaged results but also in the segmented time data (not shown).
To clarify this relationship more quantitatively, budget analyses of AAM are performed. The equation for the time evolution of AAM in a cylindrical coordinate is The third term on the right-hand side is omitted because its magnitude is three orders smaller than that on the left-hand side in all the experiments. This figure indicates that the increase in the tangential wind at R15 is mostly controlled by the radial advection of AAM (the first term on the right-hand side) except for the cases in which forcing is located between 100 (ordinate) and time-averaged v r at R15 (abscissa) in each experiment from L100 to L900. The increase in R15 is calculated as the difference between the 61 to 96-h average and initial R15, and v r is averaged between 1 and 96 h. Exceptions are L550, L575, L650, and L700, in which data between 1 and 84 h are used because these experiments meet the condition for terminating the analysis before 96 h. and 200 km from the vortex center. When forcing is applied near R15 (between 500 and 650 km), however, the diffusion term and vertical advection of AAM contribute much; the latter results from the ascending flow induced by the forcing near R15. This explains the deviation of cases L550 -L650 from the proportional relation in Fig. 5 . When forcing is applied inside 200 km, the contribution of the radial advection of AAM is small and the increase in R15 is mainly controlled by the vertical advection of AAM. In summary, it is clearly demonstrated that the radial advection of AAM governs the size change of vortices and its dependence on the forcing location. However, it is not clear why the contribution of the radial advection of AAM is small when forcing locations are inside 200 km whereas it is large when the forcing is located between 225 and 450 km, in spite that the total amount and vertical structure of applied thermal forcing are the same. Additionally, what classifies the forcing locations for which radial velocity is strong or weak is unclear. To examine these issues, we should consider not only the radial flow at R15 but also the whole of secondary circulation.
Secondary circulation and the change of R15 a. Horizontal extent of secondary circulation
To deal with the overall structure of secondary circulation (SC), we first consider its horizontal extent in the low level. We define the extent of the main part of the SC at the lowest level as the distance between the location of forcing and outer edge of the descending region of the SC. The outer edge is defined as the point where the divergence of radial wind,
, is 1/10 of its maximum outside the location of forcing. Note that π v r can be expanded as π π v v r r + ′ ′, but the second term is small enough to be neglected.
The divergence of radial wind is the same as the first term on the right-hand side of the azimuthally averaged continuity equation:
Thus, the divergence of radial wind is nearly equal to the convergence of vertical velocity when ∂π /∂t is small. In fact, it is two to three orders smaller than the other terms, which means that it is sufficiently small to be neglected.
Examples of the horizontal scale of the SC are represented in Fig. 7 , which shows the divergence of radial wind at the lowest level in L100 and L400. In L100 (Fig. 7a) , the divergence of radial wind has a positive peak at r ~ 300 km. Beyond this peak, the divergence of radial wind becomes negative at r ~ 400 km, so that the extent of the SC is about 300 km, as obtained by the subtraction of the forcing location from 400 km. In L400 (Fig. 7b) , the divergence of radial wind has positive peaks at approximately 550 and 700 km and reaches 1/10 of its maximum near 900 km. Thus, the extent of the SC is 500 km.
We first examine the dependence of the horizontal scale of SC on the forcing location. Figure 8 shows the extent and location of the outer edge of the SC in each experiment. This figure indicates a close relationship between the increase in R15 and the location of the outer edge of the SC. In L100-L200, where radial wind at R15 is small and radial advection of AAM is not predominant, the edge of the SC is located inside R15. In contrast, in L225-L475, where radial wind at R15 is strong and radial AAM advection increases the tangential wind there, the edge of the SC is located outside R15. This correspondence is easily understood recalling that the inward advection of AAM and, hence, the increase in R15 require radial inflow around R15, which constitutes the lower branch of SC.
We also see a remarkable difference between the dependence of the location of the outer edge of SC on the location of forcing in cases L225-L475, where R15 increases significantly, and that in cases L100-L200, where it does not. The edges of the SC in the former cases shift outwards with the shift in the forcing location, keeping the extent of the SC almost constant. However, those in the latter cases are invariably located at about 400 km from the center.
Looking more closely, the increase in R15 is found to be related to the location of the outer edge of SC. Figure 9 shows the relationship between the extent of the SC beyond the initial R15 and the increase in R15; it is evident that the increase in R15 is larger as the outer edge is located further out.
From the above, we can conclude that whether the SC induced by thermal forcing reaches the outside of R15 or not classifies the two types of forcing location, i.e., L225-L475 and L100-L200 for which the radial advection of AAM is large and small, respectively. If the edge of the SC is located outside R15 when forcing is applied inside R15, radial inflow at R15 becomes large. Hence, the size of vortices grows much.
Additionally, by considering the structure of the SC, the results of the experiments in which forcing is applied outside R15 can also be understood. In these cases, the radial flow at the lowest level at R15 is outward associated with the inner SC located inside the forcing location. Thus, the outward advection of AAM occurs around R15 resulting in the reduction in the tangential wind near R15 and the size of the vortex.
b. Structure of secondary circulation
Next, to examine the reason why the extent of the SC in L100-L200 does not reach R15 and that in L225-L475 exceeds R15, the structure of the SC including not only the lower-level flow but also the upper-level flow is considered. In the following, only the results of L100 and L400 are shown as the representatives of the cases in which the radial advection of AAM is very weak and strong, respectively. Figure 10 shows the SC, (v r , σ ), and the AAM distribution in the (r, σ *) cross sections in the two cases. The SC in L400 (Fig. 10b ) exhibits a clockwise rotation around (r, σ *) = (500 km, 0.5). In the upper layer (σ * = 0.43), the outflow with the descending flow can be seen.
Below this layer, the inflow exists with the descending flow, which runs parallel to the contour of AAM. The inflow region at the lowest level extends to the outside of R15, being consistent with the plot in Fig. 8 . On the other hand, the SC in L100 (Fig. 10a ) exhibits a clockwise rotation around (r, σ *) = (200 km, 0.4). The outflow in the upper layer (σ * = 0.24), which is located at a higher altitude than that of L400, does not accompany descending flow, which differs from that of L400. Below the outflow layer, flow occurs along the contour of AAM, but the magnitude of the inflow is weak except inside 400 km where the downward flow is relatively strong. These characteristics are also seen in the experiments with higher vertical resolution. Figures 10c and  d illustrate the SC and AAM distribution in L100 and L400, respectively obtained by the 11-level model. The structures of the SC are similar to those in the five-level model. Specifically, flow occurs along the contour of AAM below the outflow layer in both cases. As in the five-level model, the SC in L100 is closed inside R15 whereas that in L400 extends outside R15, and the outflow layer in L100 (σ * = 0.25-0.33) is higher than that in L400 (σ * = 0.33-0.42).
In summary, the reason why the contribution of the radial advection of AAM is different between L100-L200 and L225-L475 is as follows. In the cases of L100-L200, the central height of the SC is high, but the inflow at the lowest level is narrow and the extent of the SC does not reach outside R15. Therefore, the inflow near R15 is weak and the advection of AAM does not become large. In contrast, in the cases of L225-L475, although the downward flow returns somewhat inward, the SC extends well beyond R15, so that the inflow region includes R15. Therefore, the radial wind and the radial AAM advection become large at R15.
Secondary circulation and inertial stability
From the results in the previous subsection, two new questions arise: Why does the height of the SC center become higher (lower) in L100 of a weak AAM-advection case (L400 of a strong AAM-advection case) despite the application of the same forcing, and why does the extent of the SC become narrower (wider) in the former (latter)? In this subsection, we consider these questions in terms of inertial stability.
In Subsection 3.1, we mentioned the dynamical importance of inertial stability, I, defined in Eq. (11). It serves as an index of the difficulty of horizontal movement. This is paired with static stability (BruntVäisälä frequency), N, which serves as an index of the difficulty of vertical movement. The distribution of these two constrains SC: when I is relatively large, SC becomes a vertically elongated structure, while in the opposite case, the structure expands horizontally (Holland and Merrill 1984) . Parcel trajectory analyses by Miyamoto and Takemi (2013) , which pointed out the important role of increased inertial stability in confining high enthalpy air within close to the TC center prior to rapid intensification, also support the above relationship. Figure 11 shows I and N in L100 and L400. In both cases, the radial variation of N is not large, except around the forcing region in L100, but I exhibits a large radial variation. In the lower layer, I exhibits a large gradient inside 400 km from the vortex center and is almost constant outside this point. The value also differs between the lower and upper layer, and its minimum, located in the upper layer, corresponds to the region of the small AAM gradient (Fig. 10) . Examining more closely, the distribution of I differs between L100 and L400, being very large near the vortex center in the former. Its maximum value is approximately 140 × 10 −5 s −1 in L100, which is five times larger than that in L400. This larger maximum in L100 results from the stronger tangential wind near the vortex center.
The distributions of I provide clues on the difference in the structure of the SC between the cases of L100-L200 and L225-L475. In the former, I is very large near the vortex center, especially in the lower layer. With this large I, the SC becomes tall, and, because air parcels tend to move in the vertical direction being forbidden to move radially, they descend along the AAM contour. Thus, in the case of L100, for example, the SC does not expand to the outside of 400 km from the center in the lower levels where I is large (Fig. 11a) , being compensated by the descending motion along the AAM contours (Figs. 10a, c) . Thus, the SC loops inside 400 km. In contrast, in the cases of L225-L475 in which the radial AAM advection controls the increase in the tangential wind, I in the forcing region is not as strong. Then, the SC extends less vertically and more horizontally than that in L100. Additionally, as shown in Fig. 8 , the extent of the SC in L225-L475 does not depend on the location of forcing. The reason is that, in these cases, the value of inertial stability outside the forcing region is almost the same as that of f and does not change with radius (Fig. 11b) . Note that such a contrast in inertial stability between the inner and outer parts of vortices does not emerge in the temporal evolution; most of the contrast has existed from the initial state (Fig. 2) .
Backward trajectory analysis and transport of
absolute angular momentum In Subsection 4.2, we showed that the increase in vortex size is larger when the extent of the SC beyond R15 is larger. This could be supposed to result from that air parcels having larger AAM can come to R15 when the SC extends wider. However, parcel movement depends not only on the extent of the SC but also on its intensity. Furthermore, whether air parcels come from the edge of the SC while conserving AAM or not is unclear. In this subsection, this idea is confirmed by using the backward trajectory analysis.
In the analyses, 360 parcels, distributed uniformly in azimuth, are placed at the initial R15 (540 km) and σ * = 0.95 (approximately 400 m) at t = 96 h. After time interpolation for every 10 min from the hourly output, backward time integration of the parcel position is performed to t = 0 h using the fourth-order Runge-Kutta method. We use linear interpolation for time and cubic spline interpolation for space. First, we examine the relationship between the extent of the SC and the average radial movement of the parcels in the trajectory analyses, which is shown in Fig. 12 . The distance of inward movement is longer as the extent of the SC beyond the initial R15 is wider in the experiments in which the radial AAM advection is dominant (L225-L475). Combined with the earlier result that the increase in R15 is larger as the extent of the SC is wider (Fig. 9) , this result indicates that the vortex size becomes larger as the parcels come from farther distances outside R15.
Next, the AAM change along the parcel trajectories is investigated. Figure 13 illustrates the relationship between the average parcel positions and AAM in L100 and L400. The AAM at the end of the analyses (i.e., at the start of the experiments) at the average position of the parcels (the rightmost marks) is almost the same as that of the initial AAM in both experiments. In L400, we can see the parcels moving toward R15 while conserving AAM. On the other hand, the parcels hardly move and the change of AAM is small in L100. In accordance with this contrast, the line of azimuthally averaged AAM at t = 96 h moves to as long as 150 km from the initial R15 in L400, whereas it hardly moves in L100. These results show that the origins of the parcels coming to R15 strongly affect the increase in vortex size. Because AAM is an increasing function of radial distance from the vortex center, together with the confirmed relationship between the extent of the SC beyond R15 and the radial movement of the parcels (Fig. 12) , we can understand that vortex size becomes larger when the SC extent is larger. In other words, R15 increases when the extent of the SC is wide enough to exceed R15 because air parcels having large AAM are advected from the outside of R15 while conserving AAM.
The above results were obtained when parcels well-conserve AAM. However, when the vertical diffusion coefficient is large, AAM is dissipated while moving into the inside of R15. The effect of the non-conservability of AAM on the change of R15 will be discussed in a subsequent paper.
Conclusions and discussion
To understand the basic mechanism governing the size evolution of tropical cyclones (TCs), we systematically performed numerical experiments using the primitive equation system on an f-plane. A simplified TC-like vortex is initially given and an external forcing mimicking cumulus heating is applied to an annular region at a prescribed distance from the vortex center. The vortex size is defined as the radius of 15 m s -1 lowest-level wind speed (R15).
The increase in R15 depends on the forcing location and the dependence can be understood by considering radial transport of the absolute angular momentum (AAM) at R15 by the heat-induced secondary circulation (SC), whose structure is governed by the distribution of inertial stability, I. Figure 14 schematically illustrates the relationship between the SC, radial advection of AAM, and R15. When forcing is applied near the center of the vortex (Fig. 14a) , the structure of the SC becomes horizontally narrow and vertically tall because inertial stability near the forcing region is high. Therefore, the inflow near R15 is weak and, hence, the radial advection of AAM becomes small. Thus, R15 hardly changes. Next, when forcing is located on the outer part of vortex but still inside R15 (Fig. 14b) , the horizontal extent of the SC becomes wide because inertial stability near the forcing region is low. Therefore, strong inflow exists near R15, which causes strong radial AAM advection there. Thus, the vortex size becomes large. Finally, when the forcing location is outside R15, the flow direction of the SC induced by the forcing near R15 is opposite from the others (Fig.  14c) . Thus, this outflow near R15 causes negative radial AAM advection and the vortex size decreases. We performed the backward trajectory analyses and confirmed that the vortex size becomes large when the extent of the SC beyond R15 is wide because parcels having large AAM, which are originally located far from the center, come into the inside of R15.
We may expect that the radial extent, or more precisely, the e-folding scale of SC, can be estimated as the local Rossby radius of deformation, ND/I, where N and D are buoyancy frequency and the vertical scale of the vortex, respectively (e.g., Schubert and McNoldy 2010) . However, the local Rossby radius of deformation is found to be larger compared with the radial extents of SC realized in the model by around a factor of 2, even when we consider the radial variation of I. This discrepancy may result from the rather steep gradient of I near the forcing region inside the SC and/or from the presence of the inertially unstable region in the outflow layer (not shown). A more quantitative discussion of the radial extent of SC, including its high sensitivity to forcing location, e.g., a sharp increase in the extent of SC from L200 to L300 (Fig. 8) , will be examined in a subsequent paper. The findings of this study summarized above are consistent with those obtained from recent modeling studies about TC size. First, Hill and Lackmann (2009) indicated the importance of humidity to TC size, finding that under a more humid environment, rainbands extend to the outer region of TCs, as do the potential vorticity field induced by diabatic heating and its associated wind field. Thus, TC size increases. In the context of our results, the extension of the rainbands corresponds to the existence of thermal forcing in the region of low inertial stability far away from the vortex center. This forcing can induce SC extending outside of the TC, thus increasing TC size. Fudeyasu and Wang (2011) indicated that diabatic heating in the anvil in the outer rainband (about 40-150 km from the center) contributes to the increase in tangential wind in the middle layer in the outer core region (about 60-200 km from the center) whereas that in the inner core region does not. Our results can interpret the different sensitivity of tangential wind to the heating in the inner and outer core regions as resulting from the difference of inertial stability at the forcing locations. In addition, the present results also indicate that an analogous process operates also in the lower layer and over the region much more isolated from the TC center than in the case of Fudeyasu and Wang (2011) . The results of Musgrave et al. (2012) , indicating that thermal forcing outside the RMW (outer edge of the vorticity skirt) affects the vortex size whereas forcing inside the RMW does not, can also be interpreted similarly.
The results of previous observations and realistic numerical experiments have also indicated that the inertial stability near the TC center is too large for the extent of the SC to reach outside of R15. For example, I 2 near the TC center was shown to reach 1000 times that of f 2 (Holland and Merrill 1984) . The ratio is comparable to that observed in L100 (Fig.  11a) . Ito et al. (2011) showed from idealized numerical experiments that the period of the inertial oscillation for mature TCs is often shorter than 20 min. This result corresponds to I of approximately 5 × 10 −3 s −1 , which is larger than that observed in L100. Thus, the contribution of heating in the inner core region to the size of real TCs is expected to be small.
The dependence of the change of vortex size on the inertial stability around the forcing location exemplified in the present study can reasonably explain the weak correlation between TC size and intensity having been investigated by Merrill (1984) and other studies. The spatial separation between the locations of heating affecting intensity and size, i.e., the neighborhood of the TC center where heating affects intensity and the outer region where heating affects size, indicates that the intensity and size of TCs can evolve independently if the clouds near the center and outer region of TCs develop independently. As discussed above, our study can explain some characteristics of real TCs in previous studies, which in turn support the validity of the present framework. Still, some aspects of the findings of the present paper, such as quantitative correspondence between the extent of the SC and local Rossby radius, and the transport of AAM in the case of stronger dissipation, remain to be understood. Additionally, we should be cautious about many simplifications in this study. To achieve a better understanding of the size change of real TCs starting from the present study, we should extend investigation both in the direction along the simplified framework and in the direction to recover the realism. Specifically, along the present framework, in order to establish the applicability to real world, we should perform more kinds of parameter experiments to clarify the sensitivities of TC size change to factors which vary widely in nature: They include the Coriolis parameter, the size and structure of initial vortex, and the strength, spatial scale, and vertical structure of forcing. We are preparing a paper dealing with some of these issues. In the direction to recover the realism, the effects of factors excluded, such as surface boundary layer and moist process, should be added one by one. By investigating these issues comprehensively, a more thorough understanding of mechanisms governing the size of real TCs will be achieved. This direction is left for future studies.
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Appendix: Method for making the initial vortex
In this appendix, the method for making the initial vortex is explained. The numerical model for making the initial vortex is based on the primitive equation system in the σ coordinate on an f-plane. The value of the Coriolis parameter is that at 15° latitude. The procedure for making the initial vortices consists of the following five steps:
1. Put a warm bubble of potential temperature and integrate the model until the wind speed of the vortex exceeds 17.2 m s −1 . 2. Eliminate surface friction and integrate the model for several hours. 3. Take the temporal and azimuthal averages and eliminate radial wind. 4. Set the initial vortex prepared in step 3 to the domain center of the model described in Section 2. 5. Integrate the model for 4 days with no forcing.
The model used in steps 1 to 3 is different from that used in steps 4 and 5. The latter model is the same as that described in Section 2 but includes no thermal forcing, while the former model is the same as that in Itoh and Ghil (1988) except for the f-plane and cyclic boundary conditions. This model includes surface friction, moist processes (including cumulus parameterization), and latent heat flux from the sea surface. The cumulus parameterization represents the moist convective adjustment and is computed every 360 s. The model domain is 6400 km × 6400 km and the number of vertical levels is five (σ * = 0.95, 0.72, 0.43, 0.24, and 0.12). The horizontal diffusion coefficient and SST are taken as constant values of 2.5 × 10 5 m 2 s −1 and 28°C, respectively. The other coefficients and settings are the same as those employed in Itoh and Ghil (1988) .
The details of the above steps are as follows. In the first step, a warm bubble is established at the lowest level at the center of the model domain. The radius and amplitude of the bubble are 250 km and 5 K, respectively. In the initial environment, the potential temperature is horizontally uniform at each level, set at 293.2, 303.2, 316.6, 343.9, and 410.7 K from the lowest level upward, and the humidity is 50 % at all levels. After the model with the bubble is integrated for some time, the bubble grows into a TC with a strong wind speed (over 40 m s −1 ) and precipitation areas corresponding to eyewalls and rainbands. Before this stage, at the point when the maximum wind speed exceeds 17.2 m s −1 , we exclude surface friction from the model (step 2). We then integrate the model for several hours to adjust the size of the initial vortex. The vortex maintains its structure after the exclusion of surface friction, although it slightly broadens. After this time integration, the TC is simplified as a TC-like vortex by eliminating the radial wind, taking the time average between 10 to 14 h after excluding surface friction, and taking azimuthal averages (step 3).
The TC-like vortex constructed in step 3 is then placed at the domain center of the model described in Section 2 (step 4); however, the vortex is not stable at this time. This instability is most likely caused by the existence of a region in which AAM decreases in the radial direction in the outflow layer, approximately 400-900 km from the vortex center (not shown). Thus, the size of the vortex oscillates despite the lack of forcing (not shown). To reduce the effect of these oscillations on vortex size, we integrate the model for 96 h without forcing (step 5). The vortex modeled at this time is used as the initial vortex. The wind speed and wind vector of the initial vortex at the lowest level are shown in Fig. 3a .
